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Cosmic super-strings interact generically with a tower of light and/or strongly coupled Kaluza-
Klein (KK) modes associated with the geometry of the internal space. We study the production of
KK particles by cosmic super-string loops, and show that it is constrained by Big Bang Nucleosyn-
thesis (BBN). We study the resulting constraints in the parameter space of the underlying string
theory model and highlight their complementarity with the regions that can be probed by current
and upcoming gravitational wave (GW) experiments.
Cosmic strings are linear concentrations of energy that
appear in several high-energy physics scenarios and may
have a variety of cosmological and astrophysical conse-
quences [1]. Field theory cosmic strings have been abun-
dantly studied since the 70’s, but the subject has been re-
cently regenerated by the realization that cosmic strings
occur also as fundamental objects of string theory, see [2]
for reviews. This opens the opportunity that these cos-
mic super-strings could lead to observational signatures
of string theory, if they can be distinguished to some de-
gree from their field-theory counterparts. In this letter,
we study one specific aspect of cosmic super-strings that
may help this distinction: their production of KK parti-
cles associated with the extra dimensions.
The extra dimensions play a crucial role for cosmic
super-strings, being responsible for making their tension
µ small enough compared to the Planck scale, as required
by observations [2]. This can be achieved in two different
ways. The first one is to have cosmic strings localized at
the bottom of a warped internal space, called throat [3].
Relatively few KK modes are then lighter than
√
µ, but
they are strongly coupled to the cosmic strings because
their wave-function is also localized at the bottom of the
throat [4]. The other possibility is to have a flat internal
space with large volume [5]. The KK modes are then only
gravitationally coupled to the cosmic strings, but many
of them are very light. Whether KK modes are strongly
coupled or very light, they can be efficiently produced
by cosmic strings in both cases. Here we will focus on
the first case (warped throat), where the most explicit
models have been developed. The other case leads to
similar results [6].
The tension of cosmic super-strings is highly model-
dependent. When they are produced at the end of brane
inflation, and in models where the Cosmic Microwave
Background anisotropies are generated only by the quan-
tum fluctuations of a single inflaton field, their tension is
expected to be in the approximate range 10−13 ∼< Gµ ∼<
10−7 (G is Newton’s constant) [2]. The gravitational
effects of such cosmic strings can be observable in the
near future, in particular with GW experiments [7–10].
In general, however, cosmic super-strings may have a
much smaller tension. This occurs in particular when
they are produced in models of brane inflation at lower
energy scales, see e.g. [11] where Gµ can be as small
as 10−34. This also occurs when they form at Hage-
dorn phase transitions [12] after inflation, e.g. in multi-
throat scenarios [2, 13]. Because the gravitational effects
of such light cosmic strings are much weaker, it is cru-
cial to look for their other possible signatures, in par-
ticular the production of (massive) particles. Stability
constraints significantly restrict the possible interactions
of cosmic super-strings [2]. However, they always couple
to the ten-dimensional metric and the corresponding KK
modes. We will show that this leads to constraints on
cosmic super-strings in ranges of string tensions that are
complementary to the ones that can be probed with GW
experiments.
We assume for simplicity that only F-strings are
present or dominate the loop number density. The gen-
eralization to D-strings is straightforward [6]. When dif-
ferent kinds of strings are present and interact, we expect
the F-strings to dominate the loop number density, be-
cause they typically have the smallest reconnection prob-
abilities [14]. The Nambu-Goto action for a cosmic F-
string in a ten-dimensional space-time with metric g˜AB
(A,B = 0, ..., 9) reads
1
2pi α′
∫
dτdσ
√
−γ˜ , (1)
where 1/(2pi α′) is the fundamental string tension and
γ˜ is the determinant of the two-dimensional metric in-
duced on the string worldsheet: γ˜αβ = g˜AB ∂αX
A ∂βX
B
with α, β = 0, 1 and the embedding of the world-
sheet in the ten-dimensional spacetime is parametrized
as xA = XA(τ, σ). The ten-dimensional metric can be
written as g˜ABdx
AdxB = e2A(y¯) ηµνdx
µdxν + ... where
ηµν is the four-dimensional Minkowski metric (µ, ν =
0, ..., 3), xµ are coordinates in the four non-compact
dimensions and y¯ denotes coordinates in the internal
space. As emphasized in [14], the position of the cos-
mic strings in the internal space corresponds to world-
sheet moduli that are not protected by any symmetry
and should be fixed at the minimum of their effective
potential: XA(τ, σ) = constant at the classical level for
A = 4, ..., 9. The action (1) then reduces to the usual
four-dimensional Nambu-Goto action with the induced
metric γαβ = ηµν ∂αX
µ ∂βX
ν and the effective tension
µ =
e2Ab
2pi α′
≡ M
2
s
2pi
, (2)
2where eAb ≪ 1 is the warp factor at the bottom of the
throat (where the cosmic super-strings are located) and
Ms = e
Ab/
√
α′ is the local string mass scale there.
We will focus on KK modes that correspond to spin-
2 fields in four dimensions, because these are the sim-
plest and most generic ones. These modes are always
present and the massless one corresponds to the usual
four-dimensional graviton. Their coupling to the cosmic
string can be obtained from the previous equations with
the replacement ηµν → ηµν +
∑
n¯Φn¯(y¯)h
n¯
µν(x), where
n¯ denotes collectively the mode numbers associated to
each KK modes, Φn¯(y¯) is their wavefunction in the in-
ternal space (normalized in order to obtain a canonical
kinetic term for hn¯µν after dimensional reduction), and
∂µhn¯µν = η
µνhn¯µν = 0. The term that is linear in h
n¯
µν in
the action (1) can then be written as
∑
n¯
λn¯√
µ
∫
d4xhn¯µν T
µν , (3)
where Tµν is the four-dimensional energy-momentum
tensor of the string [1] (located at y¯ = y¯b) and we have
defined λn¯ =
√
µΦn¯(y¯b)/2.
The properties of the spin-2 KK modes in a warped
throat are well understood, see e.g. [15] and references
therein. Their masses are quantized as
mn¯ = ξn¯
eAb
R
, (4)
where the ξn¯ are numerical coefficients and R >
√
α′
is the radius of curvature at the bottom of the throat.
The lowest-lying KK modes have ξn¯ ∼ 1 and are lighter
than the string scale, mn¯ < Ms. The massive modes are
strongly localized at the bottom of the throat, where the
amplitude of their normalized wave-function Φn¯(yb) can
be found in [15]. This gives
λn¯ ≃ (2pi)3 gs
(√
α′
R
)3
, (5)
where gs is the fundamental string coupling and we have
used Eq. (2). On the other hand, the massless mode
n¯ = 0¯ has a constant wave-function in the internal space
and λ0¯ =
√
8piGµ.
From the interaction (3), the energy emitted in massive
KKmodes with mode numbers n¯ by a cosmic super-string
loop can be calculated as
En¯ =
λ2n¯
2µ
∫
d3k
(2pi)3
(
T µν(ωk,k)T
∗
µν(ωk,k)−
1
3
|T λλ (ωk,k)|2
)
(6)
where Tµν(ωk,k) =
∫
d4xTµν(t,x) e
ikλx
λ
is the (double)
Fourier transform of the loop energy-momentum tensor
and we have introduced the 4-vector kλ = (ωk,k) with
ωk =
√
k2 +m2n¯ and k = |k|. The massive spin-2 modes
have five physical degrees of freedom while the massless
one has only two. For the latter, the 1/3 factor in (6)
must be replaced by 1/2 and we recover the standard
expression for the GW energy emitted by a source. In
the following, we will be interested in the massive modes.
The production of massive scalar particles by cosmic
string loops has been studied by several authors [16, 17].
The calculation in our case is similar, except that we
deal with massive spin-2 fields and that we have a tower
of them. For loops of invariant length L ≫ 1/mn¯, we
calculate Tµν(ωk,k) in the stationary phase approxima-
tion as in [7]. The dominant contribution comes from
cusps, which emit massive particles with a typical energy
ωk ≃ k ∼ mn¯
√
mn¯L≫ mn¯ inside a cone of opening an-
gle θ ∼ 1/√mn¯L in the rest frame of the loop [16]. The
full k-dependence of Tµν(ωk,k) can be calculated ana-
lytically and the integral in (6) can then be performed
numerically [6]. This gives
En¯ ≈ λ
2
n¯
2
µ
√
L
mn¯
. (7)
Neglecting the production of fundamental string
states, we must requiremn¯ < Ms in the above calculation
in order to trust the Nambu-Goto effective description.
The total energy emitted by a cusp in massive KK modes
can then be calculated as
E =
mn¯<Ms∑
n¯
En¯ ≈ κ
2
g2s µ
3/4
√
L , (8)
where we have used Eqs. (2, 4, 5) and we define
κ ≡ (2pi)23/4
(√
α′
R
)11/2 mn¯<Ms∑
n¯
ξ
−1/2
n¯ . (9)
The coefficient κ depends on the details of the compact-
ification and of the KK spectrum. In the throat model
that we will consider below, we will find κ ≈ 10 for a
range of values of the ratio R/
√
α′. When this ratio in-
creases, the factor in front of the the sum in (9) decreases,
but more terms must be included in the sum. These two
effects tend to compensate each other.
The power emitted in massive KK modes by a cosmic
super-string loop of length L can be calculated as PKK =
cE/T , where c is the average number of cusps on loops
per oscillation period (expected to be c ∼ 1) and T = L/2
is the period of oscillation. Taking c = 1,
PKK = ΓKK
µ3/4√
L
with ΓKK ≈ κ g2s . (10)
Interestingly, this result is comparable to the power emit-
ted in the constituent fields of standard Abelian-Higgs
cosmic strings in the process of cusp annihilation [18].
Note however that we obtained (10) within the regime of
validity of the Nambu-Goto description, while cusp anni-
hilation occurs beyond this regime. We will also see that
KK emission by cosmic super-strings may have specific
cosmological consequences.
3Before doing so, we must consider the effect of KK
emission on the loop number density. Once the loops are
produced, they shrink by emitting both GW, as usual,
but also KK modes - the respective powers are given by
PGW = ΓGµ
2 with Γ ∼ 50 and by PKK in (10). KK
emission then decreases the lifetime of the loops and thus
also their number density. A detailed study of this effect
will appear elsewhere. Here we will only give the results
that we will need in the following. We will focus on the
case where the loops are produced from the long string
network with a large initial size, L = α t with α ≈ 0.1,
as indicated by the most recent simulations - see [19]
and references therein. In the radiation era, the number
density of loops with lengths between L and L + dL at
time t can then be written as
nL(t)dL ≈ ζ
√
αdL
pL5/2t3/2
for LH(t) < L < αt , (11)
where ζ ≈ 10 and LH(t) = ΓGµt or (ΓKKt)2/3/µ1/6,
whichever is larger. The loops with L = LH(t) have a
lifetime of the order of the Hubble time and are the most
abundant ones. For cosmic super-strings, the reconnec-
tion probability p can be smaller than unity. This is
usually expected to increase the loop number density as
nL ∝ p−1 [8] (see however [20]) and we took this factor
into account in Eq. (11). Except for this factor, Eq. (11)
reduces to the standard result for loops emitting only
GW [1] when t > tµ ≡ Γ2KK
√
ΓG/(ΓGµ)7/2. For times
and string tensions such that t < tµ, most of the loops
decay by emitting mainly KK modes and their number
density is reduced.
Once produced by cosmic super-strings, the KK modes
should decay relatively quickly into Standard Model
(SM) fields. Indeed, because the KK modes are light,
they are also abundantly produced in the early uni-
verse at high temperatures. For instance, they are the
main decay products of brane annihilation at the end
of brane inflation and must then efficiently decay into
SM fields in order to reheat the universe, see [15] and
references therein. These KK modes produced at early
times must decay sufficiently early to avoid cosmological
problems [21]. On the other hand, cosmic super-strings
continue to emit KK modes at later times and their de-
cay is then severely constrained. The strongest [6, 22]
constraint in our case comes form the photo-dissociation
of BBN light elements [23, 24], which depends on
the total energy density injected in the cosmological
medium in one Hubble time. This can be estimated as
∆ρinj ≈ t ρ˙KK where ρ˙KK =
∫
dLnL(t)PKK [25]. Using
Eqs. (10,11), this gives
∆ρinj
s
≈ 10ΓKKζ
√
α
pΓ2(Gµ)5/4t
Min
[
1,
t2/3
t
2/3
µ
]
, (12)
where s ∼ 0.1/(t3/2G3/4) is the entropy density at the
time of interest and Min[a, b] = a or b, whichever is
smaller. Photo-dissociation constraints imply ∆ρinj/s ∼<
10−14 GeV at t ≈ 108 sec, see Fig. 42 of [23].
The resulting constraints on cosmic super-strings in
the (p,Gµ)-plane are shown in Fig. 1. For p = 1 and
ΓKK ∼ 1, only a very small range of string tensions
might be constrained. When p decreases, the constraints
become quickly stronger. For a given p, only a range of
tensions is constrained. In the upper half of this range,
the loops decay mainly by GW emission. Increasing Gµ
then decreases the loop lifetimes and their number den-
sity, so sufficiently large tensions are not constrained. On
the other hand, in the lower half of the range, the loops
decay mainly by KK emission. In this regime, the loop
number density decreases when Gµ decreases, so suffi-
ciently small tensions are not constrained either.
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FIG. 1: BBN (photo-dissociation of light elements) con-
straints from KK emission for ζ = 10, α = 0.1, Γ = 50, and
ΓKK = 10 (dashed lines), 1 (plain lines) and 0.1 (dot-dashed
lines). In each case, the region between the two corresponding
lines is excluded.
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FIG. 2: BBN constraints from KK emission compared to
the parameter space that can be probed by GW experiments
(adapted from [10]) for F-strings in a KS throat with ζ = 10,
α = 0.1, Γ = 50 and R/
√
α′ ∼ 10 (see the main text for
details). The upper shaded region is excluded by current pul-
sar data (GW), the lower one by BBN (KK), and the region
above the dashed line is accessible to Advanced LIGO (GW).
In a given model, the parameters ΓKK and p are in
general not independent, because they both depend on
4gs and on the compactification details, in particular on
R/
√
α′. To illustrate this, we now consider the most
studied example of throat geometry, which is based on
the Klebanov-Strassler (KS) solution [3]. The reconnec-
tion probabilities in that case were studied in [14]. The
results of that paper show that, except for 1 < R/
√
α′ ∼<
4, p depends only logarithmically on R/
√
α′ for F-strings,
with p ≈ 0.15g2s for R/
√
α′ ∼ 10. To estimate κ in (9),
we use Table 1 of [15] for the spectrum of the lowest-
lying spin-2 KK modes in a KS throat, approximated as
a patch of AdS5 × T 1,1. We find that κ depends also
very weakly on R/
√
α′, with κ ≈ 10 for R/
√
α′ ∼ 10.
Eq. (10) then gives ΓKK ≈ 10g2s . The BBN constraints
on the string tension for these values of ΓKK and p are
shown in Fig. 2 as a function of gs. We also show in
Fig. 2 the regions of the parameter space for which the
stochastic GW background from the strings is accessible
to current pulsar timing observations and to Advanced
LIGO, as discussed in [10].
We see from Fig. 2 that the combination of the cur-
rent constraints coming from GW (pulsars) and KK
(BBN) emissions leads already to stringent limits on
Gµ. For instance, for gs ∼ 0.05, Gµ is restricted to
the ranges 10−15 ∼< Gµ ∼< 10−12 or Gµ ∼< 10−20. Fur-
thermore, the whole region between the two shaded ar-
eas in Fig. 2, which is currently unconstrained, will be
accessible to either Advanced LIGO or the ESA space-
interferometer eLISA [10]. If no cosmological GW back-
ground is found by these experiments, the lower value of
Gµ that is constrained by KK emission would then set the
strongest upper bound on the string tension, which reads
Gµ ∼< 2.5 × 10−17 g
32/13
s for the model shown in Fig. 2.
The best outcome, however, is of course that these experi-
ments do observe a stochastic GW background. Unfortu-
nately, the predictions for the GW spectrum from cosmic
super-strings are highly degenerate in the (p,Gµ)-plane.
Therefore, even in the most optimistic case where we can
gain confidence in the fact that the observed background
is produced by cosmic strings, it will not be possible to
determine the fundamental parameters. The constraints
from KK emission will then allow to discriminate between
a wide range of possibilities, see Fig. 2.
On the string theory side, these constraints are sen-
sitive to gs and to the geometry of the internal space.
Although we focused on the most developed KS throat
model, the calculation can be generalized to other string
theory models. The constraints depend also on the typi-
cal size of the loops when they are produced, on the way
nL varies with p, and on the average number of cusps
per loop oscillation. These properties are still uncertain
and can hopefully be determined by the next generation
of simulations. We expect however our main conclusion
- the complementarity between KK and GW emissions
in probing the parameter space of cosmic super-strings
- to be qualitatively robust. This may ultimately al-
low to constrain or determine fundamental parameters of
string theory, such as gs and the compactification details.
Meanwhile, other possible consequences of KK emission
remain to be studied, e.g. the production of cosmic rays
or dangerous relics.
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